Gravitinos are a fundamental prediction of supergravity, their mass (m G ) is informative of the value of the SUSY breaking scale, and, if produced during reheating, their number density is a function of the reheating temperature (T rh ). As a result, constraining their parameter space provides in turn significant constraints on particles physics and cosmology. We have previously shown that for gravitinos decaying into photons or charged particles during the (µ and y) distortion eras, upcoming CMB spectral distortions bounds are highly effective in constraining the T rh − m G space. For heavier gravitinos (with lifetimes shorter than a few ×10 6 sec), distortions are quickly thermalized and energy injections cause a temperature rise for the CMB bath. If the decay occurs after neutrino decoupling, its overall effect is a suppression of the effective number of relativistic degrees of freedom (N eff ). In this paper, we utilize the observational bounds on N eff to constrain gravitino decays, and hence provide new constaints on gravitinos and reheating. For gravitino masses less than ≈ 10 5 GeV, current observations give an upper limit on the reheating scale in the range of ≈ 5 × 10 10 − 5 × 10 11 GeV. For masses greater than ≈ 4 × 10 3 GeV they are more stringent than previous bounds from BBN constraints, coming from photodissociation of deuterium, by almost 2 orders of magnitude.
I. INTRODUCTION
The gravitino is predicted in supergravity as the spin 3/2 superpartner of the graviton (see e.g. [1] for a review). If supersymmetry is broken the gravitino gets a mass determined by the supersymmetry breaking scale: F ≈ √ m G M P , m G being the gravitino mass and M P ≈ 2.4 × 10 18 GeV. While gravitinos would be thermally produced in the early universe they would be diluted by the expansion during Inflation. Following Inflation, they would again be produced during reheating. There is thus a direct relation between the reheating temperature, T rh , and the gravitino number density. The importance of constraining the reheating temperature cannot be overstated: T rh is one of handful of macroscopic parameters describing the transition from an early phase of accelerated expansion (inflation) to the radiation-dominated era and it sets a lower bound on the energy scale of inflation ( e.g. [2] ).
Because of their potentially large masses, gravitinos can have significant cosmological impacts [3] . An overabundance of long-lived gravitinos (or the decay products of unstable ones) may overclose the universe. Gravitinos decaying during or after big-bang nucleosynthesis (BBN) may alter the expansion rate of the universe, produce a suppression of the baryon-to-photon ratio and, most importantly, destroy the light elements, thus altering the successful predictions of standard BBN [4] . In addition, gravitinos decaying into photons or baryons after the onset of the µ-distortion era (z 2 × 10 6 ), would generate distortions of the cosmic microwave background (CMB) black-body spectrum.
This was discussed in [5] , and more recently in [6] . The sensitivity limits on the (T rh , m G ) parameter space for a PIXIE-like experiment for upcoming spectral distortions probes will be much more stringent than current BBN bounds.
The goal of this work is to complement the analysis in [6] for gravitino produced during the reheating era by investigating the parameter space relevant for earlier (z 2 × 10 6 ) decays. At those high redshifts, thermalization processes in the hot plasma are highly efficient and quickly erase any produced distortions. The net effect of an energy injection from gravitino decay in the primordial bath would be a temperature increase for the CMB, as well as for all relativistic species coupled to it.
In the minimal cosmological scenario, the total radiation energy density after electron/positron annihilation (T T e ± 0.5 MeV) is contributed by photons and neutrinos, and parametrized as
Here N ν is the number of neutrinos species and T ν their temperature. Neutrinos remain in thermal equilibrium with the CMB until their interaction rate with other standard model particles drops below the expansion rate (at T ≈ 1 MeV). After decoupling, neutrino temperature remains approximately equal to the CMB temperature until T = T e ± ≈ 0.5 MeV: around this time the entropy released from electron/positron annihilation causes the CMB temperature to rise, while leaving the neutrino temperature nearly unaffected [26] . Assum-ing instantaneous neutrino decoupling, this yields T ν /T = (4/11) 1/3 . In a similar way, a decay of gravitinos into photons or baryons, taking place between neutrino decoupling and the onset of the distortion eras, would result in an increase of T/T ν . Eq. (1) is often rewritten, in more general terms, as
with the parameter N eff ≡ (1/4) 4/3 N ν (T ν /T ) 4 quantifying the effective number of non-photonic relativistic degrees of freedom.
In the standard model of particle physics, with three active neutrino species, N ν is slightly larger than 3 if one accounts for relic interactions between electrons and neutrinos during the time of e ± annihilation. The resulting value is N ν = 3.046, which also incorporates finite temperature QED corrections to the electromagnetic plasma and flavour oscillations effects [7] .
N eff is constrained in a number of ways: by the predictions of BBN, paired with observations of light elements abundances [8] ; by CMB temperature and polarization anisotropies [9] ; by the large scale structure (LSS) of the matter distribution [10] . Within current experimental bounds, all of the aforementioned probes show agreement with the standard prediction of N eff = 3.046 [11] . On the other hand, current limits allow ample room for deviations (a non-zero ∆N eff ≡ N eff − 3.046) which would signal new physics. Future observations are expected to greatly improve on the present bounds (see e.g. [12] ).
Additional radiation density from non-standard-model degrees of freedom may result in ∆N eff > 0 [13] [14] [15] [16] [17] [18] [19] . On the other hand, the scenario we describe here, where additional photons or charged particles are produced after neutrino decoupling, results instead in a suppression of N eff . (Note that other proposals predicting ∆N eff < 0 include models in which the neutrino thermalization remains incomplete, as in low-reheating models [20] ).
This work is organized as follows: in Sec. II we briefly review results for the thermal production of gravitinos during reheating and we formally introduce the relation between ∆N eff and model parameters; in Sec. III we compute ∆N eff from gravitino decays and place constraints on the reheating temperature and gravitino mass parameter space; in Sec. IV we comment on implications for gravitinos of future constraints on N eff arising from measurements of CMB anisotropies and LSS observations.
II. GRAVITINO DECAYS AND COSMOLOGY
For gravitinos produced (thermally) from interactions in the hot plasma during reheating, there is a simple relation between number density and the temperature at the end of reheating [21] :
T rh 10 10 GeV ,
where s(T ) ≡ (2π 2 /45)g * (T )T 3 is the entropy density and g * is the number of relativistic degrees of freedom. The gravitinos decay rate can be parametrized as follows [22] 
where N dec is the effective number of decay channels. For gravitinos decaying into photons and photinos, G → γ +γ, and for negligible photino mass (mγ m G ), one finds N dec ≈ 1/16. For decay into hadrons N dec ≈ 2/5.
The total radiation energy density after BBN is given by
where T is the CMB temperature and
If gravitinos decay into particles heating up the CMB and the decay occurs before the onset of the µ era (z 2 × 10 6 or t 6 × 10 6 sec.) and after electron decoupling, the resulting temperature increase for the CMB w.r.t. the neutrinos temperature leads to a smaller value for N eff than one would observe in the absence of those decays. In the simplified case where the decay happens instantaneously at t = t G , one expects
Here, f (m G , T rh , N dec ) parameterizes the impact of gravitino decays and is derived in the next section.
III. ENTROPY INJECTION AND ∆N e f f CONSTRAINTS
For instantaneous decay and thermalization of the decay products, energy conservation right before and after the decay implies [27] :
The G parameter accounts for the actual fraction of the gravitinos energy density that after decay is transferred into the CMB (through Comptonization). For gravitinos decaying entirely into photons+photinos, the reasonable expectation is that roughly half of the initial energy would be converted into heating, hence G ≈ 1/2. For decays into colored particles, one would expects much more efficient heating ( G ≈ 1). Setting g th * (t G ) = g th * (t ):
We need to find N eff ∝ (T (t )/T ν (t )) 4 , for a generic time t > t . Let us require entropy conservation between t and t g th * s (t )a 3 (t )T 3 (t ) = g th * s (t )a 3 (t )T 3 (t ) .
Introducing the scaling law for the neutrino temperature
t ν being the time of neutrino decoupling, and requiring entropy conservation between t ν and t G g th * s (t ν )a
one arrives at
The final expression for N eff is then given by
For a decay G → γ +γ, one sets N dec = 1/16 (from Eq. (4)) and G = 1/2. Eq. (14) can then be recast in the following form
where, taking account of the entropy transferred to the photon bath after e ± annihilation,
One can then employ the known bounds on N eff and N ν to constraints the (T rh , m G ) parameter space. Making the conservative assumption that N ν = 3.046 (i.e. ignoring the possibility of extra neutrino species, which would only serve to strengthen the constraints we derive here), Eq. (15) can be further simplified
where GeV corresponds to the extra deposition of entropy into thermal electrons and positrons before they annihilate. Lower panel: entropy production bounds on the reheating temperature for hadronic decays. In this case the gravitino masses corresponding to the times referred to above are reduced by ≈ 1.8, and the jump occurs at 2.8 × 10 4 GeV.
For the temperature in Eq. (17) to be positive definite, the condition N eff < N ν must hold. Any given N eff < N ν defines a curve in the (T rh , m G ) plane: the smaller the ratio N ν /N eff , the smaller the value of the predicted reheating temperature (or, equivalently, of the gravitinos number density) for a given mass m G .
As mentioned, constraints on N eff can be extracted from CMB anisotropies and LSS data. The number of neutrino species affects the value of the photon diffusion damping scale. In addition, it contributes to the total radiation density and therefore it impacts the time of matter-radiation equality and the expansion rate of the universe. This has consequences on the location and amplitude of the acoustic peaks (l 200 multipoles) in the temperature and polarization power spectra, and on the shape and overall amplitude of the cold dark matter power spectrum [9, 10] .
Current bounds on N eff from Planck (also in combination with data sets from baryon acoustic oscillation (BAO) measurements) are compatible with N eff < N ν . We report here the 68%CL constraints from [11] 
In order to demonstrate the range of bounds possible from measurements of N eff , the upper panel of Fig. (1) shows the lines corresponding to the central values in Eqs. (21) and (22). A similar analysis for hadron decay leads to the constraints reported in the lower panel of Fig. 1 .
From Eq. (4) one has m G = [(2πM
The plots highlight the values for the gravitino mass that correspond to four benchmark values of (decay) time: neutrino decoupling (t ν ); electron/positron annihilation (t e ± ); end of BBN (t BBN ); onset of µ distortion era (t µ ). The discontinuities in the bound at a gravitino mass of 52 TeV for photon decay and at 28 TeV for hadronic decays reflect the changing relation between entropy dumped in the CMB and gravitino masses for gravitinos which decay before and after e ± annihilation.
As in [6] , it is useful to draw a comparison with other cosmological bounds on unstable gravitinos. These arise primarily from BBN predictions for light elements abundances (see e.g. [23] ). Unlike for N eff , these constraints do not define an exact relation between T rh and m G , nor do they require a specific sign for ∆N eff , however they are able to rule out conspicuous portions of the parameter space. BBN constraints are important in the lower end of the mass range of Fig. (1) , as they generally require gravitinos to decay after deuterium production during standard BBN is complete. In this respect, the two probes may well be regarded as complementary to one another. As an example, for decays into photons and photinos, BBN limits the reheating temperature to values below 10 8 − 10 9 GeV for 4 × 10 2 m G 10 3 GeV. These would be nearly two orders of magnitude more stringent than the upper bounds on the reheating temperature in this mass range for N eff = 2.99. For m G 3 × 10 3 GeV, the bounds from BBN become weaker than those shown in Fig. 1 , by two orders of magnitude or more, moving towards heavier gravitinos.
Because of the sensitivity we have demonstrated here of gravitino bounds to N eff , a tightening of the bounds on N eff coming from upcoming CMB observations should allow significantly improved parameter space restrictions for postinflation gravitino production and decay.
IV. CONCLUSIONS AND OUTLOOK
Entropy transfers to the CMB bath from (additional) heavy particles, decaying after neutrino decoupling, suppress the ratio of the neutrino-to-CMB temperatures thereafter or, in other words, the effective number of relativistic species, N eff , w.r.t. its standard model prediction (N eff 3.046).
This would be the case for unstable gravitinos decaying in the pre-distortion eras. For gravitinos generated during reheating, simple relations hold between their number density and the reheating temperature, T rh , making the constraints on their parameter space all the more interesting for cosmology.
We have derived an analytic relation among the theory parameters (T rh , the gravitino mass, m G , and N dec , describing the branching ratios of the decay) and N eff . For a given set of decay channels, specifying a value of N eff < 3.046 yields a specific T rh − m G relation. This is presented in Fig. (1) , both for photon and hadron decays, and for selected measured values for N eff from the Planck combined analysis of temperature and polarization anisotropy (+ BAO) data.
The mass range analyzed in this work is complementary both to the one that can be probed with spectral distortions [6] (e.g. one needs m G 700 GeV for gravitinos decays into photons+photinos to produce µ or y distortions) and to the one constrained from BBN (the latter being more effective towards the lower end of our mass range).
For lighter gravitinos (m G 10 3 GeV), the BBN bounds on the reheating temperature are nearly 2 order of magnitude stronger than those given by a value N eff = 2.99 (corresponding to the blue lines in Fig. 1 ), whereas the situation is reversed for heavier masses. In the range 3 × 10 3 m G 10 5 GeV, for example, N eff = 2.99 would constrain the reheating temperature to values 5 × 10 11 GeV.
Future CMB and LSS observations hold great promise for further constraining N eff and could rule out or confirm with very high significance the standard model value, providing sensitivity to new physics. These include the next generation ground-based CMB experiments (S4), with a sensitivity forecast of σ(N eff ) ∼ 0.03, and the proposed CORE space mission, which would reach σ(N eff ) ∼ 0.04 [12] (also in combination with future data from galaxy surveys such as DESI [24] and Euclid [25] ). This will have enormous implications for our ability to test physics beyond-the-standard model as well as neutrino physics, and possibly resolve some of the apparent discrepancies in cosmological data (including, e.g., the tension between H 0 direct measurements and its estimates from CMB observations). Models predicting a suppression of N eff , of the kind considered in this paper, could be ruled out by these future experiments. Alternatively, another interesting phenomenological implication of these early-decaying gravitino scenarios is that, by reducing the contribution to N eff from neutrinos (being T ν /T lower than in the standard case), they leave more room for positive contributions to ∆N eff from the dark-sector.
